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a  b  s  t  r  a  c  t
The  evolution  of  the  structure  and  properties  of Cr/Cr  oxide  thin  ﬁlms  deposited  on  HK40  steel  substrates
by  reactive  magnetron  sputtering  (RMS)  was  investigated  and  linked  to  their  potential  protective  behavior
against  metal  dusting.  Deposition  time,  mode  of oxygen  feeding,  and  application  of  bias  voltage  were
varied  to  assess  their  effect  on  the  density,  adhesion,  and  integrity  of  the  ﬁlms.  All the ﬁlms  showed  a
very  ﬁne  columnar  microstructure  and  the  presence  of  amorphous  Cr  oxide.  Both,  an  increasing  time
and a constant  oxygen  ﬂow  during  deposition  led  to the  development  of  relatively  low  density  ﬁlms
and  mud-like  cracking  patterns.  A  graded  oxygen  ﬂow  resulted  in ﬁlms  with  fewer cracks,  but  a  careful
control  of the  oxygen  ﬂow  is  required  to obtain  ﬁlms  with  a truly  graded  structure.  The effect  of the  bias
voltage was  much  more  signiﬁcant  and  beneﬁcial.  An  increasing  negative  bias  voltage  resulted  in the
development  of  denser  ﬁlms  with  a transition  to  an almost  crack-free  structure  and  better  adhesion.  The
amorphous  oxide  resulted  in low  values  of  hardness  and  Young’s  modulus.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Metal dusting is a form of corrosion that prevails in highly car-
burizing environments in a wide temperature range, 400–1000 ◦C.
In these conditions, carbon gets deposited on the surface of the
material exposed, then diffuses towards the interior and eventu-
ally results in disintegration of the material. Intermediate steps
depend on several factors in which alloy composition plays an
important role as described in the extensive review of the metal
dusting mechanisms by Young et al. [1] and in the work of Hermse
et al. [2].  Many expensive materials such as HK40 and HP steels,
cobalt and nickel alloys are exposed to this type of corrosion in
a variety of industrial processes that include ammonia produc-
tion, heat treatment of steels, iron ore reduction, among others.
Several solution methods have been put forward to protect these
materials from metal dusting, such as alloy development, atmo-
sphere modiﬁcation, application of thick coatings, and enhancing
the formation of surface oxides, all with different levels of
success.
Considering that in the metal dusting mechanisms reported,
the ingress of carbon into the alloy seems to be a critical step to
∗ Corresponding author. Tel.: +52 55 5864 5555x2433; fax: +52 55 5864 5751.
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initiate the corrosion of the materials affected, we  have proposed a
novel approach to protect materials exposed to this type of corro-
sion consisting of applying surface thin ﬁlms of (Cr, Al, or Si) oxides,
which are impermeable to the diffusion of carbon [3].  Initially our
efforts were focused on producing adherent and dense thin ﬁlms
[4,5], however soon after it was evident that fracturing of the ﬁlms
associated to the evolution of residual stresses during deposition
was  also a central issue in the development of effectively protective
ﬁlms.
The role of residual stresses in the performance of thin ﬁlms
cannot be stressed enough, particularly in the integrity of pro-
tective coatings against corrosion. Unfortunately, the deposition
of thin ﬁlms on substrates is usually inherently associated with
the development of residual stresses [6,7]. Mechanical equilibrium
between substrate and ﬁlm, combined with the fact that the ﬁlm
is usually thinner than the substrate, leads to higher stresses (in
absolute values) in the ﬁlm than in the substrate. The level of ﬁlm
residual stresses depends on processing parameters [8–12] such
as temperature, substrate bias, operating pressure, coating thick-
ness and deposition rate. In general, Physical Vapor Deposition
(PVD) processes for the deposition of wear resistant ﬁlms result in
compressive stresses on the order of a few GPa [13–15].  However,
sputtering processes may  also result in tensile stresses, especially
when the sputtering gas pressure is high or the substrate bias is
low [16].
0169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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The present study aims at establishing the RMS  process guide-
lines to help producing Cr/Cr2O3 thin ﬁlms on HK40 steel substrates
effectively protective in metal dusting environments focusing on
the density, adherence and mechanical integrity, associated to the
development of residual stresses, of the ﬁlms. Companion stud-
ies are devoted to test the most promising coatings under metal
dusting conditions.
2. Experimental procedure
2.1. Deposition experiments
The deposition of the thin ﬁlms with the desired architecture
was carried out by unbalanced reactive magnetron sputtering of
a Cr target in an Ar + O2atmosphere using a D.C. power source.
The deposition equipment has been described elsewhere [4,5]. The
ﬁlms were deposited on thin substrates of HK-40 steel (20 Ni, 25 Cr,
1.6 Si, 1.5 Mn,  0.4 C and Fe balance) cut from a cast tube section into
rectangular pieces about 10 mm long, 5 mm wide and 1 mm thick.
Prior to deposition, the steel substrates were sanded up to 2000
SiC papers, polished to a mirror ﬁnish and ultrasonically cleaned
in ethanol for 5 min. After preparation, the substrates were placed
into the reactor at approximately 30 mm  from the target surface.
Each deposition run included two stages: in the ﬁrst one, a Cr
adhesion layer was deposited in a pure Ar atmosphere while in the
second stage the oxide ﬁlm was produced by sputtering of the Cr
target in an O2 + Ar gas mixture. Three variables were selected for
the deposition of the oxide ﬁlm: deposition time; mode of oxy-
gen feeding, and application of a bias voltage to the substrate. The
experimental details for each run are summarized in Table 1. A
typical deposition experiment started by evacuating the reactor
chamber to a pressure of 6.6 × 10−3 Pa. Upon reaching this pres-
sure value, Ar was introduced into the chamber at a constant ﬂow
rate of 20 sccm. Once the Ar ﬂow was introduced, the chamber
pressure reached 2 Pa, and at this point power was applied to the
magnetron to initiate and sustain the plasma atmosphere. The tar-
get was cleaned in these conditions for 3 min. After the cleaning
stage, the pressure was  adjusted to 1.5 Pa and the samples were
located within the plasma volume and the pure Cr adhesive layer
was generated during 5 min  applying a power of 50 W.  The O2 was
then introduced into the chamber at the set ﬂow rate to produce
the oxide layer in the conditions selected for each experiment (see
Table 1). In the ﬁrst series (series A), the oxide ﬁlms were deposited
at a constant ﬂow of 5 sccm of O2 for 25 min  (A1), 50 min  (A2) and
100 min  (A3). In the second series (series B), the oxygen ﬂow rate
was gradually introduced from 0 to 5 sccm of O2 increasing 0.5sccm
in time steps of 2.5 min  (B1), 5 min  (B2) and 10 min (B3) to maintain
the same deposition times as in the previous series. In series C, the
oxygen was gradually introduced from 0 to 5 sccm increasing the O2
ﬂow by 0.5 sccm every 2.5 min  and three ﬁlms were obtained apply-
ing three different values of bias voltage to the substrate; −100 V
(C1), −200 V (C2) and −300 V (C3). The Ar ﬂow was kept constant at
20 sccm in all the experiments. The deposition temperature varied
between 50 ◦C for sample A3 up to 94 ◦C for sample C3.
An additional graded ﬁlm was produced exclusively to be sub-
jected to an annealing treatment at 800 ◦C for 70 h in an Ar
atmosphere in order to verify the presence of Cr2O3 in the coatings.
2.2. Characterization of the ﬁlms
The structure, adhesion, and mechanical properties of the
ﬁlms obtained were investigated by various techniques includ-
ing: optical microscopy (OM), scanning electron microscopy
(SEM) linked with energy dispersive spectroscopy (EDS), atomic
force microscopy (AFM); X-ray diffraction (XRD), glancing angle Ta
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Fig. 1. SEM views of representative ﬁlms: (a) A2, (b) B2, and (c) C2.
X-ray diffraction (GAXRD), X-ray photoelectron spectroscopy
(XPS), scratch testing, and nanoindentation. OM was  carried out
in a PMG 3 Olympus microscope, SEM/EDS in a JSM-6360LV. XRD
was carried out in a FOCUS from Bruker AXS using CuK radiation
at 25 kV and 25 mA,  a scanning speed of 2◦/min with a resolution of
0.001◦. The experiments at a glancing incident angle (GAXRD) were
carried out in a Shimadzu XRD-7000 using CuK radiation at 40 kV
and 30 mA,  continuous scan mode with a scan speed of 1 ◦/min, by
working at incident angles of 1, 3 and 5◦. For the XPS analysis a
Kratos system was used. The spectra were obtained using Al K
radiation and band-pass energy of 160 eV and 20 eV for the survey
and high-resolution measurements, respectively. The elemental
peaks were corrected for the C 1s signal at a standard binding
energy of 285.0 eV. After removing Shirley-type background from
oxygen peaks, and custom Tougaard background from chromium
peaks, all spectra were ﬁtted using Gaussian–Lorenztian product
formula synthetic peaks, modiﬁed by an asymmetric form where
necessary. AFM was performed in a Nanowizard II microscope. The
scratch tests were performed in a CETR UMT  Multi-Specimen Tester
System using a Rockwell C indenter (120-degree cone with hemi-
spherical tip with 0.2 mm  radius) with a maximum normal load of
20 N and a preload of 1 N, an indenter speed of 0.2 mm/s and total
distance traveled of 2 mm.
The nanoindentation experiments were performed using a
Nanoindenter XP (MTS) with a Berkovich indenter tip with the area
function calibrated using fused silica. A set of sixteen indentations
with 12 loading/unloading cycles was done on each sample surface.
The maximum applied load was 400 mN  and the holding time at
each load step was 15 s. The hardness and elastic modulus proﬁles
were determined by the Oliver & Pharr method [17].
This load range allowed obtaining the variation of hardness with
depth including the increasing effect of the substrate at deeper
penetrations.
3. Results and discussion
3.1. Structural characterization
Fig. 1 presents SEM views of the ﬁlms A2, B2, and C2 which
exhibited the representative structural features of the nine coat-
ings. In general, all the ﬁlms showed ﬁne uniform columnar growth
morphology (columns size in the order of hundreds of nm)  with
some variation in the size of the columns among and within series.
The columnar structure observed can be associated to Zone 1a
and/or Zone 1b of the ﬁlm growth morphologies described by
Mahieu et al. [18] based on the model presented by Thornton [19],
which develop at low deposition temperature and are character-
ized by the formation of columns with irregular boundaries and
amorphous structure. Both features were observed in the present
ﬁlms as described later. Amorphous ﬁlms produced at low temper-
ature result from the low kinetic energy of the deposited species
that prevents them from moving around after deposition to accom-
modate in an ordered fashion. Fig. 1 also shows that most of the
samples developed a series of cracks which occurred during manip-
ulation in the SEM. Additional details regarding the effect of the
process parameters on the development of the ﬁlm structure are
described in what follows.
3.1.1. Effect of deposition time and mode of oxygen feeding: series
A and B
The deposition time basically determined the thicknesses of the
ﬁlms which in turn may  have also been related to their cracking
pattern in terms of the evolution of growth residual stresses. On
the other hand, the mode of O2 feeding was more related to the
ﬁlm growth mode and composition.
In these series, increasing the deposition time resulted in thicker
ﬁlms, as expected, although the thicknesses of the graded ﬁlms
(series B) were larger than those in series A for each deposition
time. The columnar structure in the non-graded ﬁlms (series A)
was  less deﬁned than that in series B, which may  indicate a higher
density in the former. Increasing deposition time in series B also
led to the formation of increasingly thicker columns.
The cross sections of the ﬁlms in series A showed a uniform grey
coloration along the whole thickness, while the graded ﬁlms ini-
tially developed a light region which then, rather abruptly, became
darker. The contrast in the images of Fig. 1 in part arises from differ-
ences in the secondary electron emission by the components of the
ﬁlm and gives an indication of the elements present, as it increases
with atomic number, although not as signiﬁcantly as with backscat-
tered electrons. Since the ﬁlms in series A were produced with a
constant O2 ﬂow, it is expected that the composition of the ﬁlms
be relatively constant along the thickness and thus the uniform
color appearance. For series B, for which the oxygen was gradu-
ally fed during deposition, a gradual change in coloration would be
expected in the resulting ﬁlms. The actual sharp transition observed
indicates that a signiﬁcant and rather abrupt change in composition
occurred during ﬁlm growth. According to the SE image contrast,
the lower brighter portion should be richer in Cr (higher atomic
number), while the higher darker region richer in Cr oxide content.
The nature of the constituents present in the ﬁlms was investi-
gated by EDS, XRD and XPS. EDS spectra of the ﬁlms mainly showed
signal from Cr and O. The relative heights of the CrK and Ok
lines were indicative of the formation of a Cr oxide phase even
though the height of the OK peak was  slightly overestimated due
to overlapping with the CrL peak.
Analysis of the ﬁlms by XRD and XPS produced more infor-
mation to identify the phases present in the ﬁlms. Fig. 2 includes
the diffractograms for series C, which display the typical features
observed in all the ﬁlms. The patterns basically show peaks from
the HK40 steel and a bump around 2 = 22◦ which has been asso-
ciated to amorphous Cr2O3 [20]. No peaks from crystalline Cr2O3
were observed. Further analysis by GAXRD did not reveal any addi-
tional information from shallower depths. The presence of Cr2O3
was  conﬁrmed by the XPS results displayed in Fig. 3 which presents
the typical spectra for the Cr 2p and O 1s peaks from the sam-
ples analyzed. In both spectra, the presence of Cr2O3 is clear in
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Fig. 2. XRD patterns from the surface of ﬁlms from series C and annealed Cr oxide
ﬁlm.
addition to other oxides and hydroxides that may  have formed dur-
ing exposure of the samples to the humidity in the atmosphere.
Additional peaks are attributed to contamination during sample
handling. Furthermore, the XRD pattern from the annealed ﬁlm
showed the formation of crystalline Cr2O3 as seen in Fig. 2. For
the present application, further efforts will be directed at deposit-
ing crystalline Cr2O3, to eliminate the possibility of cracking of the
ﬁlm at high temperatures when the amorphous phase crystallizes.
Overall, the information above allows inferring that the ﬁlms
in series A were essentially composed of amorphous Cr2O3 while
in the ﬁlms of series B and C the higher darker region was amor-
phous Cr2O3-rich and the lower brighter region was Cr-rich. During
deposition by RMS  at a constant power and increasing O2 ﬂow, ini-
tially, at low values of O2 ﬂow, most of the oxygen species react
with the sputtered Cr atoms and deposit on all available surfaces
including the chamber walls, the substrate and the target. In this
period, the sputtering rate is high and the deposited ﬁlm has a
high metallic content. A further increase in the O2 ﬂow eventually
leads to increasing oxide coverage of all the surfaces, including the
target which eventually becomes poisoned when it is covered by
oxide. From this point, since sputtering of the oxide is more difﬁcult
than that of the pure metallic target, the sputtering rate decreases
drastically (with an accompanying decrease in deposition rate) and
the deposited ﬁlm has higher oxide content. Thus, there is a crit-
ical O2 ﬂow rate value, Qc, that leads to this transition and in the
present experiments it is very likely that it corresponded to the
abrupt change in composition observed in the graded ﬁlms. It was
possible to identify the value of the critical ﬂow rate by plotting
the cathode voltage versus the increasing O2 ﬂow rate, as shown in
Fig. 4. This ﬁgure displays the plots for the series (B and C) that were
produced with graded O2 ﬂow. Here, the transition was associated
to the abrupt increase in cathode voltage, necessary to perform a
more difﬁcult sputtering of the oxide on the poisoned target. The
peak in voltage for series B occurred between 1 and 1.6 sccm O2, and
between 0.5 and 1 sccm O2 for series C. The critical O2 ﬂow values
were rather similar, independently of the rate of O2 ﬂow feeding
(series B), or bias voltage applied (series C), which suggests that for
a particular set of deposition conditions the value of Qc has more to
do with events occurring at the target, namely oxide coverage, and
thus more to the level of O2 ﬂow. This piece of information will be
quite useful for controlling the deposition of these ﬁlms.
To relate these values to the structural transition observed in the
samples, a rough estimate of the ﬁlm thickness corresponding to
the time where Qc was  reached was obtained assuming a constant
average ﬁlm growth rate (total thickness/total deposition time) and
compared to the actual transition thickness values measured from
samples in series B which showed the transition much more clearly.
The results are presented in Table 2 and exhibit a quite good cor-
relation between the estimated and measured values, although the
former are slightly smaller. This is to be expected since before the
transition to a poisoned target, the sputtering rate (and thus the
deposition rate) is higher than after this event and the estimated
values were produced based on an average growth rate consider-
ing the whole ﬁlm thickness. Also, it is now clear why the ﬁlms in
series A were thinner than those in series B for the same deposi-
tion time. Since ﬁlms in series A were grown at a constant O2 ﬂow
of 5 sccm, well beyond the critical value for the poisoning of the
Fig. 3. XPS spectra from the surface of ﬁlm B2: (a) Cr 2p peak and (b) O 1s peak.
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Table 2
Estimate of transition oxygen ﬂow values.
Sample Critical O2 ﬂow: Qc (sccm) Average ﬁlm growth
rate (m/min)
Estimated transition
ﬁlm thickness (m)
Measured transition
ﬁlm thickness (m)
Transition thickness/total
thickness
B1 ∼1 0.0672 0.67 ∼0.9 0.54
B2 ∼1.6  0.052 1.04 ∼1.25 0.55
B3  ∼1.6 0.043 1.51 ∼2.13 0.50
target, the sputtering and deposition rate were then lower than
that in the case of deposition with graded oxygen ﬂow, which varied
from 0 to 5 sccm of O2. Thus, the extra thickness of the ﬁlms in series
B mainly corresponded to the ﬁlm that formed at a high growth rate
before the poisoning of the target: between 0 and ∼1–1.6 sccm of
O2. As for the effect of the feeding rate of O2 in the graded ﬁlms,
increasing the time step between O2 ﬂow increments (B1 to B3)
only led to the formation of thicker coatings which presented more
cracks.
In terms of the application of these coatings, although the ﬁlms
produced with a constant oxygen ﬂow are mostly composed of Cr
oxide, the protective phase, the cracking observed and potential
additional cracking during heating/cooling operation cycles points
towards a graded microstructure, especially if thicker ﬁlms are
deposited. However, the present results indicate that simply grad-
ing the oxygen ﬂow is not enough to gradually change the structure,
but that RMS  poisoning conditions should be considered and care-
fully controlled. Future depositions should aim at smoothing and
delaying the observed sharp transition to truly obtain a graded
structure. In this sense, monitoring the evolution of the cathode
voltage as a function of oxygen ﬂow will be a reliable tool to control
the structure of the ﬁlms.
3.1.2. Effect of bias voltage: series C
The application of a negative bias voltage on the substrate during
deposition had a more important, and potentially more beneﬁcial,
effect on the structure of the Cr/Cr oxide ﬁlms than the mode of O2
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Fig. 4. Plots of the cathode voltage versus the oxygen ﬂow for: (a) series B and (b)
series C.
feeding. An increasing negative bias voltage led to the formation of
thinner, more compact ﬁlms with fewer cracks. In particular, the
effect on the density of the ﬁlms is of great importance for the per-
formance of these ﬁlms. The effect of bias voltage on ﬁlm structure
is well documented [18,19,21] and has been explained in terms of
ﬁlling of voids in the ﬁlm by positive ions arriving at the surface
with high energy due to the strong attraction by the negatively
biased substrate.
The type and distribution of the phases formed in these samples
were similar to those in series B, except that the transition in col-
oration was not as evident perhaps because the ﬁlms were thinner;
however the transition peak was  clear in the cathode voltage versus
O2 ﬂow plots of Fig. 4. In addition to structural changes, another
important effect was that of the bias voltage on the development
of the cracking patterns as described below.
3.2. Evolution of cracking patterns
A central feature for the performance of the present coatings
is the development of cracks, this is, the mechanical integrity of
the coatings. In this sense, the evolution of residual stresses was
identiﬁed as an important factor. As the majority of the ﬁlms frac-
tured and some of them completely detached from the substrate
during observation in the SEM, it is clear that a signiﬁcant level
of residual stresses was present in the ﬁlms which was partially
relieved by cracking. In this section we relate the microstructural
observations, including fracture patterns, to the sign of residual
stresses that evolved during deposition in an attempt to establish-
ing process parameters that would lead to the formation of sounder
coatings.
In series A and B, a clear cracking pattern was observed, except in
B1 in which either the cracks were too small to be detected or very
few were present. In all these cases, the cracks propagated through
column boundaries. In general, in series A they extended either
down to the Cr adhesion layer or all the way down to the substrate,
while in series B only fewer were through-thickness cracks and
some stopped at the point where the metal-rich region started. The
cracking pattern observed, mud-like, and the fact that detached ﬁlm
pieces curled-up, point to the presence of bi-axial tensile stresses
in the coatings. In contrast, in series C, only the sample deposited
with the lower bias voltage showed a ﬁne mud-like crack pattern,
while the other two ﬁlms in this series did not show the extensive
cracking observed in series A and B. This result suggests that the
application of a negative bias voltage resulted in either less tensile
stresses and/or a state of compressive stresses.
Although, the level of residual stresses was  not measured, the
larger openings between cracks and the abundance of through-
thickness cracks in series A may  be related to a higher level of
tensile residual stresses in this series, which in turn may  be indica-
tive of the beneﬁcial effect of grading the structure in decreasing
both growth and thermal stresses. In the present ﬁlms, the main
origin of the residual stresses is likely to be associated to growth
(intrinsic) stresses. The contribution of (extrinsic) thermal residual
stresses in terms of temperature gradients should have been small
since all the samples reached similar low deposition temperatures
(between 50 ◦C for sample A3 up to 94 ◦C for sample C3) and were
cooled in the same fashion. Regarding the intrinsic stresses, the
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columnar morphology observed suggests that ﬁlm growth occurred
through island formation and impingement. In this case, when con-
tiguous columns are close enough, interatomic attractive forces act
between the column walls which stretch the columns and thus ten-
sile stresses develop inside them if the ﬁlm is well adhered. This is
the so-called grain boundary relaxation mechanism to explain the
origin of tensile growth stresses [10,16,21–23]. Furthermore, the
low deposition temperature and relatively high deposition pres-
sure of the present experiments were conditions that led to low
energy, and thus low mobility, of the species arriving at the surface
of the substrate. The low mobility prevents relaxation of the tensile
stresses through ﬁlling the space between columns.
In the case of series C, the sample obtained with the lower bias
voltage showed the presence of the mud-like arrangement of cracks
and this cracking pattern disappeared as the bias voltage increased.
There are numerous studies that consider the inﬂuence of bias volt-
age on the development of residual stresses [10,16,21,23].  These
studies agree that the extra energy supplied by the application of
the bias voltage to the species reaching the substrate provides them
with enough mobility, not only to ﬁll the gaps between columns and
thus reduce the tensile stresses [23], but also to produce an “ion-
peening” effect. In turn, the “ion-peening” produces displacement
and implantation of atoms below the surface and creates a vol-
umetric distortion – kept by a low deposition temperature – that
results in compressive stresses in ﬁlms. In the present case the com-
pressive residual stresses resulting from the application of the bias
voltage must have counteracted the tensile stresses and eventually
surpassed them as in the case of samples C2 and C3 (−200 V and
−300 V, respectively) which suppressed fracturing of these ﬁlms.
Looking at these results, it is clear that although grading the struc-
ture has a beneﬁcial effect on the evolution of residual stresses, the
application of a negative bias voltage will be a much more effective
tool in this regard.
3.3. Mechanical and adhesion behavior
3.3.1. Nanoindentation experiments: hardness
The nanoindentation results provided valuable information
regarding, not only the mechanical behavior of the ﬁlm-substrate
system, but also to their structure. While the main function of
the present coatings is to protect against corrosion, an analysis of
the mechanical properties is still relevant for it allows establish-
ing the properties–microstructure–processing relationship for the
ﬁlms, and also predicting their behavior under eventual mechanical
solicitations.
Fig. 5 shows a linear-log plot of the hardness versus penetra-
tion displacement curves from the nanoindentation experiments
including the results for the bare HK40 substrate. In general, the
values at shallow depths, which are associated to the ﬁlms, were
well below that of monolithic crystalline Cr2O3 (21–37 GPa) [24]
for all the coatings. These very low hardness values observed may
be attributed to the formation of amorphous Cr2O3 instead of crys-
talline Cr2O3. Amorphous structures, being more open and thus
having a lower bond density, normally produce lower hardness
values than their crystalline counterparts [20]. The presence of a
Cr-rich region in the ﬁlms in series B and C did not seem to have a
strong effect on the hardness values as can be seen from the sim-
ilar values for series A and B. However, other structural factors
such as ﬁlm morphology, cohesion between columns, density of
the columnar structure, interfacial strength, presence of cracks and
defects, surface roughness and residual stresses, should be consid-
ered when analyzing nanoindentation results. These features may
help in explaining the difference in behavior among series. In par-
ticular, in the present ﬁlms, the features that seemed to have a more
important effect on the property values obtained by nanondenta-
tion were the presence of cracks, residual stresses and the density of
Fig. 5. Plots of the hardness values versus penetration depth from the nanoinden-
tation experiments for the three series of ﬁlms.
the columnar structure, while the surface roughness was probably
more associated to the dispersion of the values at small depths.
Comparing the hardness among series, it is evident that the
hardest ﬁlms were those in series C followed by series A and B,
which showed similar values. The higher values in series C may  be
attributed to a combination of much lower crack density and the
presence of higher compressive stresses in these ﬁlms. The density
of the ﬁlm seemed to play a weaker role as the denser ﬁlms (series
A) did not produce high hardness values. This is further conﬁrmed
by noting that the hardness of ﬁlm C1 which contained more cracks
and lower compressive stresses than in C2 or C3 showed a hardness
value closer to that in samples of series A and B. Additionally, since
both C2 and C3 had only a few cracks, but showed a difference in
hardness values, it is possible to suppose that the inﬂuence of the
compressive stresses was  more important than that of the cracks
in determining the hardness values of these two  ﬁlms.
Other ﬁlm structural effects are also reﬂected in the evolution
of the hardness values as a function of depth in Fig. 5. The ﬁlms in
series A showed a U-shaped curve in which the minimum value may
have been related to delamination of the ﬁlm. At this point, the loss
of support for the indenter led to an easy penetration and thus to a
lower hardness reading. The images of the indents in Fig. 6 clearly
display how the ﬁlms in this series detached from the substrate
during nanoindentation. This in turn would suggest that either a
weak interface developed in the ﬁlms and/or a higher level of inter-
facial stresses was  present. In series B and C, which did not show
delamination as in series A, the minimum in the hardness curve
was  not observed. Additionally, the peak in the curves observed in
series C indicates the inﬂuence of the harder substrate and the fact
that it is not observed in the other series may suggest that a better
adhesion was achieved in series C that allowed load transference to
the substrate. Finally, all the curves converge at deep penetrations
to a value around 2 GPa which corresponds to the hardness of the
substrate.
In summary, the low hardness values of the ﬁlms were in
general related to the amorphous structure of the oxide present,
while the differences between ﬁlms were ascribed to ﬁlm/substrate
adhesion, and ﬁlm structural features, particularly the presence of
tensile cracks, residual stresses and to a lesser extent, the density
of the columnar structure.
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Fig. 6. SEM views from representative indentations for the ﬁlms: (a) A2, (b) B2, and (c) C2.
3.3.2. Nanoindentation experiments: Young’s modulus
Fig. 7 presents the values of the Young’s modulus as a function
of penetration depth for all the coatings. Again, all the values are
well below of that for crystalline Cr2O3 ﬁlms (∼170–234 GPa) [24].
All the curves showed a low measured Young’s modulus at shallow
depths, which increased with penetration distance to eventually
converge to the elastic modulus value of the substrate (∼200 GPa).
As in the case of the hardness, the Young’s modulus values for series
C were higher than in series A or B.
The Young’s modulus, which in a monolithic material reﬂects
both, the interatomic bond strength and the bond density, in the
present case seems to be largely affected by the lower bond density
in the amorphous structure. Additionally, the lower values may  also
be related to opening of columnar bonds or presence of cracks. Thus
the higher E values for series C, may  be in principle attributed to
less cracks and denser columnar structure, similar to some extent
to the discussion regarding the hardness values.
3.3.3. Scratch test experiments
The adhesion behavior of the coating was assessed by analyzing
the representative images of the grooves left after the scratch tests
shown in Fig. 8. In general, the adhesion behavior was  better for the
C series while series B showed the worst adhesion behavior. Fur-
ther analysis based on the classiﬁcation of damage described by Bull
in [25], which was extended in the ASTM standard C1624-05 [26]
indicated that all the coatings mainly presented adhesive failure
associated to various degrees and types of spallation. The scratches
in series A presented buckling cracking and spallation and some
wedge and recovery spallation. This is consistent with buckling
normally observed in thin coatings (series A include the thinnest
ﬁlms) which are not stiff enough and buckle under the compressive
Fig. 7. Plots of the Young’s modulus values versus penetration depth from the
nanoindentation experiments for the three series of ﬁlms.
Fig. 8. OM images from the scratches from the adhesion tests in ﬁlms: (a) A2, (b)
B2, and (c) C2.
loads ahead of the indenter. Series B showed mostly both, wedging
and gross spallation. The grooves in series C presented conformal
cracking and spallation, some recovery and wedge spallation, but
no gross spallation was observed.
The generalized adhesive failure mode observed indicates a
weak interface between the ﬁlms and the substrate. Differences in
behavior among the ﬁlms may  be attributed to pre-existing cracks
and its effect on the load-bearing capacity of the ﬁlm, since they all
had the same substrate/adhesion layer interface. In this sense, the
better adhesion displayed in series C may  have arisen form the fact
that the ﬁlms included had much fewer cracks.
These results additionally conﬁrm that for the functional pur-
pose of the present ﬁlms, the application of bias voltage offers better
possibilities for structural and properties optimization.
4. Concluding remarks
The effect deposition time, mode of oxygen feeding and
negative bias voltage on the microstructural evolution and asso-
ciated mechanical and adhesion properties of Cr/Cr2O3 thin ﬁlms
produced by reactive magnetron sputtering as potential corro-
sion protective coatings was investigated. The main conclusions
include:
(a) All the ﬁlms showed the formation of amorphous Cr2O3
attributed to the low deposition temperature. This structure
resulted in low values of hardness and elastic modulus.
(b) The most remarkable effect both on the microstructure and the
properties of the ﬁlms was  that of the negative bias voltage
applied during deposition. Increasing negative voltage values
led to the formation of denser, thinner ﬁlms with less cracking
up to a transition to almost crack-free ﬁlms, which was associ-
ated to a change from tensile to compressive residual stresses
in the ﬁlms. These ﬁlm exhibited higher hardness and Young’s
modulus values and better adhesive behavior.
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(c) In the absence of bias voltage, both graded and non-graded
ﬁlms developed cracking, and poorer mechanical properties
and adhesion behavior. Grading of the ﬁlms in the present
conditions did not fully prevent the development of growth
residual stresses likely due to their larger thicknesses and to
a lower extent to an abrupt transition in structure observed in
these ﬁlms.
(d) The present study provided valuable information for the control
of the deposition process and for the optimization of the ﬁlm
structure through process variables to produce more protective
coatings. In particular the observed value for the critical oxygen
ﬂow, Qc, provides a starting point for future experiments.
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